Abstract -Mobile robots must have some effective method for determining their position in the working environment in order to operate appropriately. In this paper, precise outdoor positioning of a vehicle is achieved by continuously fusing odometry with wide-area Differential Global Positioning System (DGPS) data through a Kalman filter. The propagation and reduction of spatial uncertainty is computed together with the mobile robot's coordinates and heading. Two distinct sources of differential corrections have been applied to autonomous and teleoperated navigation of the Aurora mobile robot in a road network. Path teaching and path tracking have been successfully tested in several experiments over a relatively flat surface. 
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INTRODUCTION
Outdoor localization of mobile robots is usually considered more complex than indoors, since environments are more complex, less structured and distances bigger. The internal sensors of a vehicle (odometric or inertial) provide fast positional information, but involve unavoidable errors that can grow with the travelled distance. Hence, it is necessary to periodically reduce spatial uncertainty by using external sensors.
Recently, Global Positioning System (GPS) receivers have become available for world-wide and all-weather outdoor localization. Basically, these devices use a triangulation method based on the knowledge of the position of artificial satellites that act as landmarks by broadcasting radio signals. However, this technique is subject to several sources of errors, such as atmospheric delays or the receiver's clock precision. Moreover, for mobile robot navigation, these techniques have to be applied in real-time.
Positioning errors can be reduced with differential corrections sent by a base station placed at perfectly known coordinates. This is known as Differential GPS (DGPS), which can be implemented according to several different approaches [7] . The reduction of errors is almost proportional to the proximity of the mobile receiver to the base. In this way, DGPS techniques can be broadly classified into local-area and wide-area.
Local-area DGPS navigation can be a bit cumbersome, since it requires the installation of a base which consist of a specialized receiver and transmission equipment to cover an area a few kilometers wide. This approach achieves accuracies of about 10-20 cm [9] and can be enhanced even more by using carrier-phase data, which renders an accuracy of about 2-4 cm with the penalty of a higher cost [12] .
On the other hand, with wide-area DGPS, receivers make use of differential corrections transmitted from an FM station [14] or a special satellite [11] , thus preventing the end-user from the installation of a fixed base, although horizontal precision decreases to 1-2 m approximately. These services can be free of charge [10] or may require the payment of a subscription in order to decode the encrypted signal [5] .
When high-quality DGPS data is available, the internal sensors of the vehicle can be applied to extrapolate the low-rate DGPS readings [9] . In contrast, low-quality DGPS data should be merged with inertial navigation systems (accelerometers and gyroscopes) [11] or dead-reckoning (usually wheel's encoders) [14] . In these cases, an extended Kalman filter is usually employed to improve position's estimation, since it exploits the complementary characteristics of these sources of information.
In this paper, it is proposed the application of a Kalman filter, that periodically fuses widearea DGPS data with odometry, to the problem of appropriately teaching and tracking paths for mobile robots in outdoor environments. The objective of path tracking is to follow a previously recorded or planned path by manipulating the vehicle's speed and steering. The path represents an obstacle-free route where the mobile robot performs some useful action such as harvesting crops, transporting loads or inspecting places. 4 The rest of the paper is organized as follows. Next section reviews the Aurora mobile robot.
Data fusion for outdoor localization of this vehicle is addressed in section 3. The implemented navigation scheme in a road network is described in section 4. Then, some experimental results are presented in section 5. Finally, sections 6, 7 and 8 are dedicated to conclusions, acknowledgments and references respectively.
THE MOBILE ROBOT AURORA
The autonomous vehicle Aurora was originally conceived for agricultural operations inside greenhouses [6] . Aurora has rectangular dimensions: 1.4x0.8 m and 1 m of height (see Figure   1 ). An on-board petrol-fed electric generator of 2600 W provides energy to the mobile robot.
It can also be wired into the conventional electrical network for laboratory tests.
The vehicle's movement is obtained by the independent performance of three AC motors.
Differential steering is employed to move the lateral wheels at a maximum speed v m =0.82 m/ s when advancing in a straight line. It is also necessary to apply the corresponding steering angle to the rear wheel and front wheel, which are driven at the same time by a rigid link.
From the hardware point of view (see Figure 2) , the control system is arranged as a two-layered architecture:
1. The low level control is responsible for the interface between the on-board actuators and sensors. It is based on the specialized card DCX-PC100, which has three MC200 modules for the motors. Aurora can be guided manually with a joystick via small curvature and speed increments. Furthermore, the mobile robot has three emergency stop buttons.
2. The navigation system processes the sensorial information and issues speed and curvature set-points every 40 ms. This system has been implemented with an industrial CPU board on ISA bus at 300 MHz with 128 Mbytes of RAM. Software development has been done using the C language via an MS-DOS real time kernel [3] .
The sensorial system of this mobile robot (see Figure 3) is composed of the following elements:
1. Range sensors: A sonar array in the front half of the vehicle is used for sensing obstacles in the immediate surroundings with different ranges [6] .
2. Propioceptive sensors: Three incremental encoders located at the end of each motor shaft that are employed for motion control feedback and also for odometric calculations.
3. DGPS system: The twelve channel GPS receiver G12 [2] can accept RTCM differential corrections from a DGPS source. All computations are accomplished relative to the World Geodetic System WGS-84 reference ellipsoid [4] . Two alternative wide-area differential devices have been installed on Aurora: The Omnistar system, that receives data from a spe-6 cialized satellite [5] , and the Rasant system, based on an FM network station via Radio Data System (RDS) messages [10] .
The on-board user interface of Aurora consists of an embedded 2x40 LCD display that shows its current status and a key-pad with 16 iconic buttons. Each key represents an elemental operation such as "measure heading", "track path", "stop" or "record path".
Besides, the mobile robot can be remotely controlled and supervised by means of a teleoperation station (see Figure 4 ). This simply consists of a portable computer based on a Pentium I at 133 MHz running with Windows and a half-duplex radio modem operating at 9600 bits/s connected to its serial port with a maximum range of 2 Km.
A graphical interface has been designed to assist the distant operator (see Figure 5 ). The main part of the screen is dedicated to display the present position of the vehicle, as calculated by the Kalman filter, over a road-map of the working area. The rest is dedicated to accept elemental commands and to show relevant monitoring data.
OUTDOOR LOCALIZATION
Self-localization of a mobile robot consists on obtaining precise estimations of its localization, i.e. position x-y and orientation φ, relative to a global coordinate frame on a working plane. For navigation purposes, it has been assumed a 2D environment, which is quite reasonable for most road networks.
A local coordinate system is associated to the vehicle. In the case of Aurora, the origin of the local frame is placed in the midpoint between the traction wheels and its Y L axis aligned with the direction of motion, as shown in Figure 6 . The heading of the mobile robot φ is defined as the relative angle between the local and the global Y axes.
Let ∆s and ∆φ be the travelled distance and the change of orientation respectively, both calculated by odometry during a sampling period. Thus, global coordinates x-y (meters) and heading φ (radians) are computed in this way:
The propagation of spatial uncertainty [13] can be approximated by the covariance matrix: (2) where J is the following jacobian matrix:
For the Aurora locomotion system [8] , the covariance matrix ∆c can be obtained from:
where ∆S=0.0328 m is the maximum increment of distance at the top speed during a sampling period of 40 ms and c the experimental dead-reckoning covariance matrix:
Periodically, but at a slower rate than odometry, the DGPS equipment can produce heading Φ, latitude λ, longitude θ and height h estimations for the center of the vehicle, according to WGS-84. These have to be transformed onto global coordinates of the working plane χ-ψ.
Note that heading has not to be transformed, as long as the global reference frame has its Y axis directed towards the North Pole and the X axis to the East. Moreover, the h parameter has been fixed to a constant value for the working plane, which renders higher horizontal precision.
Let λ ο and θ ο be the ellipsoidal coordinates of the working plane origin, the DGPS cartesian estimations can be computed as:
where the radii r x and r y are calculated as follows:
being a= 6378137 m and b= 6356752.3142 m, the radii of the world reference ellipse [4] (see Figure 7 ).
Since the center of the experimental site for local trips is located at a latitude of λ 0 =36.713584756° and a height above the WGS-84 ellipsoid of h=97 m, then r x = 5119135.9922 m and r y = 6343128.5891 m.
When available, DGPS estimations χ,ψ,Φ can be merged through a Kalman filter [13] with the odometric calculations of equation (1): (9) where L is the Kalman gain: (10) and S is the experimental DGPS covariance matrix.
In the Aurora setup, the DGPS rate is 0.3 s, and the following matrixes have been calculated for the Omnistar DGPS: (11) and for the Rasant DGPS: (12) As stated by equations 11 and 12, DGPS errors in position and orientation are uncorrelated, since the G-12 receiver can only compute heading when the vehicle is moving based on doppler values of the radio signals and not by subtracting successive positions [2] . Also, it can be observed that the Rasant covariance matrix is bigger than the Omnistar matrix. 
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NAVIGATION SCHEME
Two major aspects of mobile robot navigation benefit from accurate localization: task teaching and path tracking. 
In mobile robotics, a task usually takes the form of path expressed as a sequence of localizations on the working plane. The path may be gross, composed of distant guide points, or detailed, as an explicit sequence of close points.
In any case, a path can either be defined geometrically on a map of the environment or taught by actually guiding the robot along the path with a joystick. Path teaching has traditionally been used for programming manipulators in industrial applications. However, outdoor tasks for vehicles have been difficult to teach on account of the extension of the working area and, above all, the propagation of spatial uncertainty due to dead-reckoning.
The solution proposed in the paper allows path teaching by overcoming these two difficulties.
Firstly, a teleoperation station allows the user to remotely guide the vehicle. Secondly, thanks to the reduction of spatial uncertainty, as expressed by equation (13), recorded points have an admissible degree of precision.
For the Aurora mobile robot, a detailed path is made up of ordered localizations, each of which is separated from the previous and from the following an approximate length of 0.1 m.
Thus, a collection of obstacle-free paths can be taught to the robot. The mobile robot must track this paths in order to perform some useful task. A path tracking system is then necessary so that the vehicle can reliably and efficiently reproduce the path. Therefore, the path tracker is a control algorithm whose objective is to maintain the robot as close as possible to the specified path. 12 For path tracking with the Aurora mobile robot, the pure pursuit strategy has been adopted [1] . The curvature reference of the vehicle changed every control period by fitting circular arcs to a goal point selected from the path. The required curvature γ r is computed as follows: (14) where D is the distance that separates the center of the mobile robot from the goal point, and δx is the coordinate X L of the goal point in the vehicle's reference system (see Figure 8 ).
Note that this control algorithm only uses the position component of the path, whereas heading data is not employed.
The selection of an appropriate goal point is essential for the efficiency of the path tracking algorithm. When a deviation from the path occurs, a non-holonomic vehicle requires some manoeuvring space in order to be put back on the track. Hence, the goal point must be chosen some distance ahead from the current nearest point of the path. Look-ahead distance should be set according to the speed of the vehicle.
Aurora selects its look-ahead distance by adding 1 m to the separation between the mobile robot and the closest point of the path (see Figure 9 ). The closest point update is focused on a limited number of points around the previous one in order to speed up computations and to avoid losing track at path intersections.
A velocity component can be assigned to each point in the path. However, for the sake of simplicity, a constant speed value will be considered for the whole path, depending on task specifications. However, in vehicles with differential steering, the requested longitudinal speed v r should always be maintained below the following limit value: (15) where v m is the maximum velocity and k is half the distance between the propulsion wheels (0.4 m for Aurora).
EXPERIMENTS
All the experiments took place at the streets of the Andalusian Technological Park, which is an urban environment subject to triangulation errors and multi-path reflections of GPS signals inasmuch as it is surrounded by high buildings and artificial lakes. These effects might result in an important loss of precision in the DGPS estimation, which can be detected through the Dilution of Precision (DOP) index provided by the DGPS equipment. Besides, it can be detected empirically when the distance between the previous estimation and new absolute DGPS information is bigger than 3 m.
More severe errors are the loss of differential corrections or of the complete GPS signal itself. In any case, the mobile robot is stopped until accuracy can be recovered. Similarly,
exceptions arising from the vehicle itself, such as a motor malfunction, or from the working environment, like the detection of close obstacles must be taken into account.
Before navigation begins, the actual initial localization relative to the global frame should be set with a previously known situation on a map. Also, a starting procedure can be executed:
Position is accurately computed when the robot remains motionless by accumulating successive DGPS data, whereas initial heading is calculated by moving the vehicle a few meters in a straight line.
Figures 10 shows comparative data obtained from a path teaching experiment using the Rasant DGPS. A path about 67 meters long was recorded at an average speed of 0.7 m/s. The spatial uncertainty at the end of the path associated to dead-reckoning and fused data is represented by 99% confidence ellipses centered on their best estimations [13] . Besides, the heading uncertainty is shown by a triangle that covers the 99% of probability. Figure 11 represents heading estimations along the same path in the (-π,π) interval.
These results clearly show how the long-term odometry drifts are removed by the DGPS data. Furthermore, it can be observed that the sudden discontinuities of the latter are eliminated by dead-reckoning, which yields a continuous path appropriate to be tracked.
A reference path taught with the Omnistar DGPS is shown in Figure 12 over a road-map of the working environment. Figure 13 shows a sequence of six images taken from one tracking experiment of this path at a reference speed of 0.4 m/s. The movement of the mobile robot has proven to be very smooth. Even when the path is executed from a starting position different from the one in the teaching experiment, the mobile robot is able to reach the path and accurately get to the final position.
CONCLUSIONS
The paper has presented a complete outdoor navigation system for the Aurora mobile robot.
It is based on a continuous localization method that fuses wide-area DGPS data with odometry estimations. Reliable real-time localization has proven to be useful both for path teaching and path tracking without requiring intensive computations. The following aspects should be taken into account for future work: 16 1. The Kalman filter presented in the paper could be improved so that it took into account that noise from differential GPS receivers is not white. In fact, a correlation of about 99% has been experimentally observed in DGPS errors. This also implies that time-correlation appears between fused and DGPS data.
2. The working plane assumption could be extended to 3D navigation on terrains with significant slopes. This means that the height estimation of the DGPS should not be set to a constant value and that a pitch sensor should be embedded into the vehicle. 3. Incorporate a high level path planner into the remote control station that would be an alternative to explicit path teaching. The system should be the capable of generating a valid path between the current localization of the mobile robot and a desired position according to the road-map of the working environment.
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